background: Embryos with greater viability have a lower or 'quieter' amino acid metabolism than those which arrest. We have hypothesized this is due to non-viable embryos possessing greater cellular/molecular damage and consuming more nutrients, such as amino acids for repair processes. We have tested this proposition by measuring physical damage to DNA in bovine, porcine and human embryos at the blastocyst stage and relating the data to amino acid profiles during embryo development.
Introduction
The production of embryos in vitro is widely used in the treatment of subfertility. However, animal studies have shown that in vitro-produced embryos differ in numerous ways from those conceived in vivo, notably, in gene expression profile (Ennight et al., 2000; Knijn et al., 2005; Corcoran et al., 2006; Lonergan and Fair, 2008; McHughes et al., 2008) , morphology and ultrastructure (Holm et al., 2002; Bhojwani et al., 2007) , metabolic activity (Lopes et al., 2007) and kinetics of development (Van Soom et al., 1992; Holm et al., 2002) . These differences combine in a manner which is little understood to reduce the viability of in vitro-produced embryos in terms of their ability to give rise to live offspring following transfer.
Whether derived in vivo or in vitro, early mammalian embryos exhibit a broadly similar pattern of metabolic activity during preimplantation development. Overall metabolism, as assessed by oxygen consumption Thompson et al., 1996; Sturmey and Leese, 2003) , is low during the cleavage stages of development, before rising sharply at the blastocyst stage. Moreover, metabolic activity has been shown to relate to developmental potential. Thus, Houghton et al. (2002) reported that the pattern of amino acid appearance and depletion by surplus human embryos on Day 2-3 of development predicted their capacity to develop to the blastocyst stage. Stokes et al. (2007) confirmed these findings using a cohort of frozenthawed human embryos and in a small clinical trial, Brison et al. (2004) found that such 'amino acid profiling' predicted the capacity of early embryos conceived in clinical IVF to give rise to an ongoing pregnancy. In each of these studies, the embryos with the highest developmental capacity were characterized by a low amino acid turnover. On the basis of these and other data, Leese (2002) put forward the 'Quiet Embryo Hypothesis', which proposed that embryo viability was best served by a metabolism that was 'quiet' rather than 'active'. This hypothesis was developed further by Baumann et al. (2007) , who speculated that the origin of this relationship was linked to molecular and cellular 'damage and challenges'; that those embryos with a lower metabolism were either exposed to fewer insults, or better equipped to deal with such insults when they occurred, and thus had to devote fewer resources to repair and maintenance processes. In contrast, embryos with higher levels of damage to the genome, proteome and transcriptome had a larger demand for nutrients and were therefore metabolically more active.
Other data suggest that metabolic activity might act as an appropriate marker of embryo viability. For example, Vergouw et al. (2008) have recently shown an association between the metabolomic profile of spent culture medium and embryo viability and Scott et al. (2008) and Seli et al. (2007) has considered extensively the promise of a metabolic or metabolomic test of embryo viability. This attractive idea is not new (Donnay et al., 1999) ; there have been numerous attempts to discover biomarkers of viability in spent culture media (Gardner and Leese, 1987; Conaghan et al., 1993) . While early attempts were unsuccessful, progress in technology and understanding of early embryo biochemistry mean that these ideas are closer to being realized.
While oxidative metabolism represents the major pathway for the production of ATP, one undesired by-product is the generation of reactive oxygen species (ROS), which are characterized by the presence of an unpaired electron (Noda et al., 1991) and free-radical intermediaries (Burton et al., 2003) . ROS can be generated in situ by electron 'leakage' from the electron transport chain (Burton et al., 2003) , the rate of which is increased by elevated oxygen concentration (Halliwell and Gutteridge, 2007) . It is therefore notable that the oxygen concentration in the reproductive tract is between 2 and 9% (data from non-human primates; Fischer and Bavister, 1993) significantly lower than that in ambient air (20%) and more conducive to embryogenesis, as confirmed by numerous in vitro studies (Thompson et al., 1990; Gardner and Lane, 1996; Dumoulin et al., 1999; Balasubramanian et al., 2007; Rho et al., 2007) . Superoxide and other ROS induce damage in various molecules and cell components including nucleic acids, lipids and proteins within the cytoplasm and in membranes (Halliwell and Gutteridge, 2007) .
Damage to DNA can have severe cellular consequences. It can broadly be categorized into two types; lesions and strand breaks. Lesions; alterations to base structures, result in a change in the chemical and/or physical structure of the DNA, which can produce point mutations or physical distortions, preventing transcription and replication. These can be formed by endogenous agents, ROS, or occur spontaneously. Strand breaks are physical breaks in the DNA strand. They can be single strand breaks (SSB), or the more severe, double strand breaks (DSB), the presence of a single one of which is sufficient to trigger cell death (Doherty and Jackson, 2001 ). Generally, this type of damage results from ionizing radiation, environmental stresses, stalling of the DNA replication fork (van Attikum and Gasser, 2005) and, in certain circumstances, ROS (Bilsland and Downs, 2005) . This may be particularly relevant for the oocyte and early embryo in vitro, which will be exposed to a range of potential DNA damaging agents, such as ambient light (Hirao and Yanagimachi, 1978) , airborne toxins and mutagens (Claxton et al., 2004) , from which they would normally be shielded by the reproductive tract.
A variety of strategies exist to protect against, or repair such damage when it occurs. For example, superoxide dismutase, catalase and glutathione reductase are examples of enzymes which remove radical species before they can cause significant damage. The presence of scavengers such as ascorbic acid, a-tocopherol and albumin also minimize ROS damage to nucleic acids and other cellular components. Moreover, cells have evolved extensive pathways to repair damaged DNA. For example, in a recent transcriptomic study in rhesus monkey oocytes and embryos, Zheng et al. (2005) reported the expression of genes involved in the repair of DSBs and SSBs as well as genes involved in the detection and repair of DNA lesions and adducts and those required to arrest the cell cycle to enable DNA repair to occur. The pathways and strategies for DNA repair in early embryos have been reviewed by Jaroudi and SenGupta (2007) .
There are a variety of ways to measure DNA damage in cells, including high-performance liquid chromatography (HPLC) combined with electrochemical detection, single or tandem mass spectrometry, gas chromatography linked with mass spectrometry, 32 P post-labelling, immunoassay and single-cell gel electrophoresis; the so-called comet assay (Cooke et al., 2008) . The alkaline comet assay can be applied to measure DNA damage at the single cell level since it requires only a relatively small cell population (Tice et al., 2000) . In addition, it is simple, robust, capable of detecting low levels of DNA damage (Tice et al., 2000) and can semi-quantify the amount of DNA damage, in terms of strand breaks and alkali labile sites. This comet assay has been used extensively to assess DNA damage in sperm (Ahmad et al., 2007; Lewis and Agbaje, 2008; Shamsi et al., 2008) but, its application to oocytes (Jebelli et al., 2001; Chung et al., 2007) and early embryos (Muller et al., 1996; Takahashi et al., 1999b; Harrouk et al., 2000; Kitagawa et al., 2004) has been limited to the zygote, or early stages of cleavage; presumably due to technical difficulties associated with the tight association of the blastomeres post-compaction. In the present work, we have modified the comet assay to measure the blastomeres of individual embryos, thus allowing the study of DNA damage in each cell of a given blastocyst.
In this paper we have asked whether non-invasive measurement of metabolism-amino acid depletion/appearance; a marker of developmental competence-is related to DNA damage in preimplantation embryos produced in vitro. Specifically, we have measured the amino acid metabolism of individual bovine, porcine and human blastocysts and determined DNA damage in the individual blastomeres of these embryos. We report a significant positive correlation between overall amino acid turnover and levels of DNA damage, independent of embryo morphology. A preliminary account of part of this work was presented at the Fertility 2007, The Biennial Meeting of the UK Fertility Societies .
Materials and Methods
Unless otherwise stated, all chemicals were supplied by Sigma-Aldrich (Poole, UK). Solvents used for chromatography were purchased from Fisher Scientific (Loughborough, UK).
Production of animal embryos
Porcine embryos were produced as described previously (Sturmey and Leese, 2003) . Briefly, oocyte -cumulus complexes (OCCs) were aspirated from 3 -6 mm follicles of abattoir-derived ovaries and matured in a chemically defined maturation medium for 40 -44 h. They were fertilized in modified Tris-buffered medium with frozen-thawed semen from a boar of proven fertility and the resulting putative zygotes cultured to the blastocyst stage in medium NCSU23aa (Petters et al., 1990; Petters and Reed, 1991; Humpherson et al., 2005) under 5% CO 2 in air. Bovine embryos were generated as described (Orsi and Leese, 2004a) . Briefly, OCCs were aspirated from 3-8 mm follicles of abattoir-derived ovaries and matured in M199 (Invitrogen, Paisley, UK), supplemented with 10% fetal calf serum, 0.025 IU FSH/LH (Ferring Pharmaceutical, Langley, UK) and 0.47 mg ml 21 epidermal growth factor for 24 h. Matured OCCs and sperm from a bull of proven fertility were co-incubated in 'Fert Tyrodes-Albumin-Lactate-Pyruvate' for 18 h and the putative zygotes cultured in Synthetic Oviduct Fluid þ 0.4% bovine serum albumin (BSA), modified by inclusion of amino acids at close-to-physiological concentrations (Tay et al., 1997) designated SOF maa BSA. Bovine embryos were cultured from zygote to blastocyst in 5% O 2 /5% CO 2 /90% N 2 . All animal blastocysts used in this study were Day 6 of development at equivalent stages of development.
Human embryos
Surplus human embryos, donated with patient informed-consent, were obtained from the Assisted Conception Unit, Leeds General Infirmary. The work was done under Research Licence (No. R0067) from the Human Fertilisation and Embryology Authority and with Local Ethics Committee approval. Ovarian stimulation, oocyte collection, IVF, transfer to the York laboratory, culture and grading were as described elsewhere (Houghton et al., 2002) . In brief, human embryos were transported to the York laboratory and cultured in Earle's Balanced Salt Solution supplemented with 1 mM glucose, 5 mM lactate, 0.47 mM pyruvate, 0.5% human serum albumin (Baxter Healthcare, Norfolk, UK; Bioproducts Lab, UK) and amino acids at close-to-physiological concentrations; designated Human Embryo Culture Medium (HCM). Embryo grade was recorded every 24 h according to Houghton et al. (2002) .
Amino acid profiling
Porcine and bovine blastocysts at Day 6 of development were placed in 4 ml fresh, pre-equilibrated medium NSCU23aa or SOF maa BSA, respectively, overlaid with mineral oil and cultured for 24 h alongside blank medium control droplets; the precise time of incubation was recorded. The embryos were then removed for DNA damage assay (see later) while the spent culture drops were frozen at 2808C until analysis for amino acid content, which was carried out within 21 days. Human embryos were similarly profiled; however, in this case, embryos at Day 2 of development were cultured in 4 ml of fresh HCM. Following incubation, the embryos were placed into individual 10 ml culture drops and their development to blastocyst recorded. Those embryos which successfully developed to blastocysts were assayed for DNA damage when expanded and the culture medium analysed for amino acid content.
Amino acid analysis
The amino acid content of spent embryo culture media was determined by reverse-phase HPLC. This method relies on the derivitization of amino acids with O-phthaldialdehye. SOF maa BSA and HCM medium were analysed on a Kontron 500 series HPLC, fitted with a Jasco F920 fluorescence detector. Chromatography was performed using a Phenomenox HyperClone 5 mm C18 ODS column, 250 Â 4.6 mm column. Two eluants were used; Eluant A (80% 83 mM sodium acetate/19.5% methanol/0.5% tetrahydrofuran) and Eluent B (80% methanol/20% sodium acetate). Chromatography was performed for 60 min at 308C at a flow rate of 1.3 ml/min. Chromatography for the NCSUaa medium was modified due to the presence of taurine and hypotaurine in the embryo culture medium; tetrahydrofuran was omitted from Eluant A, total chromatography time was 70 min, the column was an Agilent Zorbax AAA 3.5 mm 4.6 Â 75 mm and samples were analysed on a Waters Alliance 2695 system, fitted with a Waters 2475 multi l fluorescence detector. Full details of this method can be found in Humpherson et al. (2005) .
DNA damage assay
DNA damage was determined in terms of SSBs and DSBs and alkali labile sites by the alkaline comet assay (McKelvey-Martin et al., 1997; Gedik and Collins, 2005; Moller, 2005) , modified for use on single embryos . Embryos selected for comet assay were incubated in 0.5% (w/v) Pronase in 0.9% NaCl for 30 s to remove the zona pellucida. They were then moved to a droplet of Enzyme-Free Cell Dissociation Buffer (Sigma), supplemented with 10% v/v trypsin and incubated for 1 -3 min at 398C in reduced lighting to isolate the individual blastomeres. A 4 ml droplet of 0.8% [w/v in phosphate-buffered saline (PBS)] low melting point (LMP) agarose was placed onto a slide, which had been precoated with 1% (w/v in PBS) normal agarose. The blastomeres were collected, added to the droplet of LMP, and a coverslip placed onto the droplet, spreading the LMP, which contained the disrupted embryo, into a thin layer. The slide was incubated on ice for 30 s to allow the LMP agarose to set and then immediately placed into ice-cold lysis buffer (2.5 M NaCl; 1 mM EDTA; 10 mM Tris; 10% dimethylsulphoxide; 1% Triton X-100; pH 10), protected from light and incubated at 48C overnight. All subsequent stages were performed in the dark. The lysis buffer was decanted and the slides were incubated with Unwinding/Electrophoresis Buffer (0.3 M NaOH; 1 mM EDTA; pH 13) at 48C for 40 min, before electrophoresis was performed at 23 V, 300 mA for 20 min. Slides were neutralized by rinsing in ice-cold neutralization buffer (0.4 M Tris; pH 7.5) for 10 min, and stained with SYBR-Gold (1Â staining solution as per manufacturer's instructions; Invitrogen). Comets were scored from images taken on an Olympus BX-60 inverted microscope with a 20 Â 0.5 NA lens. Acquired images were analysed using Scion Image with a macro for comet assay analysis. The percentage DNA damage in each individual blastomere identified was recorded. One embryo per slide was analysed and the DNA damage for each embryo is presented as the mean amount of damage per embryo. This method cannot distinguish between inner cell mass and trophectoderm cells; the damage presented is therefore of all blastomeres. DNA damage was measured in expanded blastocysts for all species.
Data presentation and statistical analysis
Amino acid profiles are presented as mean + SEM. The data were confirmed as non-parametric by the Anderson-Darling test for normality. Significant uptake and depletion (i.e. difference from 0) was tested by 1-sample Wilcoxon, and differences between groups were tested by the Mann-Whitney U-test. 'Amino acid turnover' represents the sum of depletion and appearance of every amino acid. DNA damage is expressed as the median percentage value for all comets scored per individual embryo. Percentage data were subjected to arcsin transformation and compared by Mann -Whitney U-test. A Pearson's correlation test was used to identify relationships between amino acid turnover and DNA damage. A P-value ,0.05 was considered significant.
Results
Amino acid metabolism of bovine and porcine blastocysts Fig. 1 shows the mean amino acid profiles of the porcine (n ¼ 34) and bovine (n ¼ 31) embryos assayed in this study. Fig. 1a shows the overall mean amino acid production (above the x-axis) and consumption (below the x-axis) of each of the 18 amino acids measured. Amino acids that were produced or consumed in amounts that differed significantly to 0 are indicated by the presence of stars. Comparisons between the species of the depletion/appearance of amino acids are shown in the inset table of Fig. 1a , along with P-values. The amino acid profiles for the two species show qualitative similarities, however quantitatively, bovine blastocysts tended to be more metabolically active. Fig. 1b shows the amino acid 'turnover' as calculated by summing all amino acids produced and consumed on a per embryo basis. Bovine blastocysts show significantly higher overall consumption (P ¼ 0.0014), production (P ¼ 0.0046) and turnover (P ¼ 0.0016) of amino acids than porcine. Fig. 2 shows an example 'comet' from an individual blastomere from a human blastocyst. DNA migration to the right of the image can clearly be seen. In this particular image, the DNA damage was Figure 1 Amino acid profiles of porcine (n ¼ 34) and bovine (n ¼ 31) blastocysts. DNA damage in bovine and porcine blastocysts Fig. 3a shows the overall mean DNA damage as measured in bovine and porcine blastocysts; bovine blastocysts tended to have higher mean levels of DNA damage than porcine embryos (27.87 versus 19.01%) although this difference was not significant (P ¼ 0.098). Fig. 3b shows the proportion of cells within blastocysts of both species with a given amount of DNA damage; classified as 'minor' (i.e. ,10% DNA migration), 'intermediate' (between 10 and 25% DNA migration), 'major' (25-50% of the DNA migrating) and 'severe' (.50% DNA migration). In general, porcine blastocysts tended to have less cells with 'minor' DNA damage, and a significantly lower proportion of blastomeres with 'severe' DNA damage when compared with bovine blastocysts; on average, 16.3% of bovine blastomeres had severe DNA damage, whereas the corresponding figure for porcine blastomeres was only 5.8% (P , 0.001).
In Fig. 4 , the mean DNA damage in a given embryo has been plotted against total amino acid turnover (i.e., the sum of total amino acid consumption and production). Fig. 4a shows a positive correlation between DNA damage and amino acid turnover for porcine blastocysts (P , 0.001), while Fig. 4b shows a similar relationship for bovine blastocysts (P , 0.001).
Amino acid metabolism of human embryos on Day 2 -3 of development Fig. 5a shows the mean consumption and production of amino acids of those human embryos during cleavage (Day 2-3) that subsequently developed to blastocysts (n ¼ 21). Arginine (P , 0.001), valine (P , 0.05), isoleucine (P , 0.01) and leucine (P , 0.01) were significantly depleted from the medium, while only alanine showed significant accumulation in the medium (P , 0.01). Fig. 5b shows the mean amino acid production, consumption and turnover by individual human blastocysts that developed to blastocysts.
DNA damage and amino acid metabolism by human embryos Fig. 6 shows a positive correlation between the mean DNA damage in each blastocyst and overall amino acid turnover of the same embryo at Day 2 of development (P ¼ 0.028, Pearson value 0.479, n ¼ 21); embryos with a higher mean amount of DNA damage tended to be more active metabolically, in terms of amino acid turnover. In Fig. 7 , embryo morphological grade of the blastocyst immediately before DNA damage assay has been plotted against observed DNA damage. There was no significant correlation between morphology and mean DNA damage for a given embryo. Grade 1 embryos (i.e. the highest quality, in terms of morphology) had mean DNA damage levels between 15 and 38%, whereas Grade 2 embryos had DNA damage levels between 9 and 47%.
In the human embryos used in this study, DNA damage was measured at the blastocyst stage with values which varied between 9 and 47%. The amino acid profile of these human embryos had been determined during early cleavage, from Day 2 to 3. The data were then compared retrospectively to the mean measurement of DNA damage for each embryo. When the data were plotted as the sum of amino acid depletion and appearance (amino acid 'turnover') for each individual embryo measured on Day 2-3, there was a strong correlation with the proportion of cells exhibiting DNA damage at the blastocyst stage (Pearson value 0.470, P ¼ 0.028). Similarly, strong correlations were obtained between amino acid turnover (blastocyst stage) and DNA damage (blastocyst stage) for bovine (Pearson value 0.58, P , 0.001) and porcine embryos (Pearson value 0.736, P , 0.001).
Discussion
We report a correlation between the amount of DNA damage and the metabolic activity, measured as 'amino acid profile', of mammalian embryos produced in vitro; the greater the DNA damage, the higher the overall amino acid turnover, a finding consistent with the 'Quiet Embryo Hypothesis' (Leese, 2002; Baumann et al., 2007) , which proposes that 'quiet' embryos are more viable than 'active'. The correlation was apparent in all three species studied; bovine, porcine and human strongly suggesting it to be a general feature of early mammalian embryos.
The amino acid profiles of embryos of each species were broadly similar to those previously reported (Houghton et al., 2002; Gopichandran and Leese, 2003; Brison et al., 2004; Booth et al., 2005 Booth et al., , 2007 Humpherson et al., 2005; Stokes et al., 2007) . Although the data varied between the three species, general features of amino acid metabolism were apparent; aspartate asparagine, threonine and arginine were all consumed, whereas alanine was consistently produced. This is striking when one considers that the amino acid profiles of cattle and pig embryos were obtained at the blastocyst stage (and are, therefore, more directly comparable), whereas the profiles of the human embryos represent Days 2-3 of development. These similarities in profiles across species and developmental stage suggest The DNA damage score of this particular nucleoid was 18.7%, indicating that 18.7% of the DNA had migrated into the tail.
there are common pathways of amino acid metabolism operating during preimplantation embryo development. We have previously postulated that the consistent arginine consumption may be linked to a need for nitric oxide (Manser et al., 2004; Humpherson et al., 2005) and that the alanine production may play a key role in ammonium detoxification , as the preimplantation embryo has no functional urea cycle (Orsi and Leese, 2004b) . The potential roles and interactions between amino acids during embryo development are discussed in detail elsewhere (Sturmey et al., 2008) .
To the best of our knowledge, this is the first report of DNA damage in in vitro-derived bovine, porcine and human blastocysts. The collection of these data involved disaggregating the blastocysts into composite blastomeres and assaying the DNA damage in each individual blastomere, by the conventional comet assay. The extent of DNA damage was broadly comparable between the bovine and porcine embryos, at around 25% of the total blastomere number. However, while porcine blastocysts had a significantly lower proportion of cells with 'severe' DNA damage than the bovine, the latter tended to have more cells with 'minor' and 'intermediate' amounts of damage (i.e. ,10%), although this was not statistically significant. In other words, the majority of blastomeres in the porcine blastocysts had either intermediate or major damage, whereas in the bovine, the majority of cells had 'minor' DNA damage. This observation of more cells with greater damage in the porcine embryo may, in part, contribute to the lower success rates seen with porcine embryos compared with bovine systems; typical zygote to blastocyst rates in our laboratory are 40% for the bovine system, but only 20% for the porcine (data not shown); values broadly comparable to those reported elsewhere. In addition, care needs to be taken when comparing these data for porcine and bovine embryos as the production systems are different; culture media, timing of oocyte (a) Significant levels of physical damage to DNA in bovine and porcine embryos. (b) The proportions of cells with of DNA damage in the embryos. Porcine embryos had significantly lower numbers of cells with greater than 50% DNA in the tail (i.e. 'severe' damaged) than did bovine embryos in this study. maturation and fertilization, and gas phase all differ and may contribute to differences in DNA damage load. For example, bovine embryos are typically grown under 5% O 2 , with porcine embryos under 20% O 2 . The reduced O 2 phase has been shown to alter gene expression (Kind et al., 2005; Harvey et al., 2007a, b; Balasubramanian et al., 2007) , heat-shock protein levels (DE Castro E Paula and Hansen, 2007) and embryo viability in terms of generating offspring (Cebral et al., 2007; Rho et al., 2007b) , demonstrating that exposure to ROS compromised embryo viability. The reduced proportion of blastomeres with large amounts of DNA damage seen in bovine embryos may be a function of species differences, but more likely is related to their development under reduced O 2 tension, thus minimizing ROS formation (Halliwell and Gutteridge, 2007) and damage to DNA, as reported by Kitagawa et al. (2004) working on porcine cleavage stage embryos.
DNA damage may also be as a result of damaged sperm penetrating the egg. It has previously been shown that sperm with damaged DNA are capable of fertilizing the egg (Fatehi et al., 2006) and that there is some capacity to repair this damage (Fatehi et al., 2006) , presumably by the translation of transcripts of DNA repair genes known to be expressed in early mammalian embryo development (Zheng et al., 2005; Jaroudi and SenGupta, 2007) .
The observed differences in DNA damage between cattle and pig embryos may relate to variation in the timing of embryonic genome activation. Bovine major genome activation occurs at the 8-16-cell stage, whereas in the porcine and human this is at the 4-cell stage (Maddox-Hyttel et al., 2007) , i.e. the third cell cycle post-fertilization. Assuming that the genes for repair of damaged DNA (Zheng et al., 2005 ) are expressed at the protein level after genome activation the difference in timing of genome activation might mean that damaged DNA in the porcine and, by inference, the human embryo has been subjected to an extra round of replication-coupled repair relative to the bovine. In terms of the present work, one could speculate that this contributes to the observation that bovine embryos have more blastomeres with 'severe' levels of damage, whereas porcine and human embryos, in which genome activation occurs one cell cycle earlier, may have expressed the necessary DNA repair enzymes to cope with cells with severe levels of DNA damage.
DNA damage has previously been measured in zygotes and early cleavage mammalian embryos. For example, the interaction between radiation and caffeine in the processes of DNA repair was examined by Muller et al. (1996) using 2-cell mouse embryos. It was reported that damage load was low in these embryos (,5%); significantly below the values in the present study. It should be noted that these mouse embryos were in vivo-fertilized and harvested and exposed to in vitro conditions for a relatively short time and may not have accrued the same amount of damage as true in vitro-fertilized embryos. Interestingly, these authors also reported DNA repair activity in early mouse embryos. Similarly, Takahashi et al. (1999a) measured DNA damage in 1-and 2-cell hamster embryos, exposed to light at different wavelengths and for different times. They reported that a short direct exposure to UV or visible light was sufficient to increase the proportion of DNA damage and that DNA damage load was significantly elevated in embryos after a period of exposure to the in vitro environment. Due to the way in which these data were presented, direct comparison with the findings of the present work is not possible; however, it is clear that the early embryos exposed to the in vitro environment have elevated DNA damage. Our work supports and extends these findings by quantifying the DNA damage load in blastocysts; i.e. embryos that have been exposed to the in vitro environment for up to 7 days. DNA damage has also been assessed by means of the terminal transferase dUTP nick end labelling (TUNEL) assay in mouse (Rausell et al., 2007) , bovine Brad et al., 2007) and porcine (Rajaei et al., 2005) embryos. These studies have provided valuable data on DNA fragmentation levels in embryos, however, the comet assay gives more precise information on specific types of DNA damage; strand breaks and alkali labile sites. Due to the nature of apoptosis, fragmentation as measured in terms of nick-end labelling from terminal transferase can indicate controlled fragmentation arising from apoptotic events, whereas the comet assay measures spontaneously occurring DNA damage.
Each human embryo was graded on the basis of its morphology, as carried out in IVF clinics to select embryos for transfer, with Grade 1 representing the highest quality embryos. However, there was no relationship between DNA damage and embryo grade (Fig. 7) , in line with our previous data showing that the ability of amino acid profiling to predict embryo viability was independent of embryo grade (Brison et al., 2004) and confirming the unreliability of morphological assessment in determining embryo quality. In agreement with this conclusion, Vergouw et al. (2008) recently showed how metabolomic observations, assessed by near infrared spectroscopy, related to human embryo viability. In particular, they demonstrated that embryo viability based on metabolomic data did not correlate with conventional morphological characteristics, such as blastomere number and fragmentation.
The biological reasons behind the observed links between DNA damage and metabolic activity can at this stage only be speculated upon. The basis of the Quiet Embryo Hypothesis is that a 'compromised' embryo has a greater requirement for exogenous nutrients in order to correct errors and damage and maintain development (Leese, 2002; Baumann et al., 2007; Leese et al., 2007) . Moreover, a large proportion of damage may result in apoptosis. In either situation, there is likely to be an increased demand for nutrients. For example, human embryos show a direct correlation between the amount of DNA damage and glutamine uptake (data not shown); those embryos with the greatest levels of damage take up the highest amounts of glutamine. Glutamine is a key amino acid in purine and pyrimidine synthesis, where it provides carbon atoms for de novo synthesis (Leese, 1993) and has other roles (Sturmey et al., 2008) such as provision of ATP (Wu et al., 2000) , which may point to an increase in overall energy demand. It is well established that amino acids supplied to the early embryo in culture contribute to protein biosynthesis (Epstein and Smith, 1973, reviewed by Sturmey et al. 2008) , and may, as we have hypothesized, be as a result of the need to increase protein synthesis, due to premature genome activation in response to DNA damage .
Our data provide strong evidence that amino acid profiling of single human embryos can act as a non-invasive marker of DNA damage at the blastocyst stage, with viable embryos (lowest DNA damage) having the lowest amino acid turnover, consistent with the quiet embryo hypothesis (Leese, 2002) . Such information is not provided by current methods of embryo selection and we suggest that amino Figure 5 Amino acid profiles of human embryos on Day 2 of development.
These profiles represent only those embryos that subsequently formed blastocysts and assayed for DNA damage levels. Data in (a) are the mean amino acid profile. Stars indicate those amino acids that were significantly depleted or appeared in the medium (*P , 0.05; **P , 0.01, ***P , 0.001; n ¼ 21). (b) shows overall amino acid appearance, depletion and turnover. acid profiling, which is highly predictive of DNA damage, could provide an appropriate marker with which to select embryos for replacement in clinical IVF. Moreover, there is good evidence that this assay can be performed, at least in the human, at Day 2-3 of development, in a timely manner to enable selection of embryos for transfer on the basis of metabolic activity (Brison et al., 2004) . The possible value of such a test in the production of domestic animal embryos is less clear; however, the method may have value for breeding stock with high genetic merit. The data presented in this paper provide a biological rationale for the observed association between metabolic activity and viability. Further validation is required to enable metabolic activity to be used as a biomarker of embryo viability and selection in clinical IVF. 
